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ABSTRACT 


A new precision method of measuring electron binding energies is used in a systematic study 
of K energies in the fourth and L energies in the sixth period of the periodic table. The results are 
compared to those obtained by the conventional X-ray absorption method. Discrepancies are 
observed in some cases, which motivates a reconsideration of the fundamental processes involved 
in the two methods. The use of infinitely thick sources in f-spectroscopy is demonstrated. 


I. Introduction 


The concept of electron binding energy is as old as the Bohr model of the atom. 


In terms of this model the definition of binding energy seems obvious: it should be 


the energy required to lift an electron from its original shell to infinity. The experi- 
mental method usually employed to study electron binding has been that of X-ray 
absorption [1]. The absorption edge is due to the excitation of an atom from its— 
unambiguous—ground state to a state where an “‘inner’’ electron has been lifted to 
the empty region above the Fermi level. Thus, the structure of this region will be 
mirrored in the absorption edge to the extent that this is allowed by selection rules. 
This fact shows that it is difficult to decide on an adequate definition of electron 


binding energy in terms of X-ray absorption edges. The definition that seemed 
_ obvious in view of the Bohr model is impracticable from the viewpoint of the X-ray 


spectroscopist, since the point on an absorption curve, corresponding to the removal 
of an electron to infinity with zero kinetic energy, is impossible to identify. As shown 
below, this energy can be uniquely determined in the photo electron spectrum of 
a solid, but even so, it is not suited to define the binding energy, since it includes the 
work function of the crystal, which in turn is sensitive to the particular experimental 
conditions. 

In X-ray spectroscopy one has generally agreed to define the binding energy of 
an inner electron shell as the energy associated with an electron transition from that 
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inner shell to the lowest unoccupied level in the conduction band. This definition 
was related to experiment by Richtmyer, Barnens and Ramberg [2], who showed 
that, under the assumption of a constant density of states around the first unoccupied 
level, the absorption edge should follow an arc tan function, the inflection point 
of which should correspond to transitions to the lowest unoccupied state in the 
conduction band. The first inflection point of the absorption edge has thus become 
the empirical criterion of binding energy. The assumption of a constant level density 
has of course limited validity and the deviation of experimental absorption curves 
from arctan functions is often pronounced. Further, the theory of Richtmyer, 
Barnes and Ramberg does not take into account selection rules, which might al- 
together inhibit transitions to the lowest unoccupied state. These facts together 
lead to the conclusion that the possible systematic errors inherent in the X-ray 
method are primarily to be sought in the physical picture on which the interpretation 
of the data is based. In some cases the experimental uncertainties must also be taken 
into consideration. They will be discussed in greater detail below. 

The difficulties in interpreting X-ray absorption curves have induced several 
investigators to attempt different ways of studying electron binding. Some early 
attempts in this direction have already been cited in reference [3]. For a long time 
the accuracies achieved were such that the methods could not compete favourably 
with the standard X-ray methods. In reference [3] we described the successful devel- 
opment of an alternative method, based on the magnetic analysis of X-ray photo 
electrons. The improvement of the results was mainly due to refined techniques for 
analyzing the electron spectrum. The preliminary experiments reported in [3] have 
now been extended to a more systematic study of electron binding energies. It was 
hoped that a comparison between the results thus obtained and the old X-ray values 
should throw light on both methods. 


II. Principles of the present method 


Figure 1 is a schematic drawing of the experimental arrangement, a detailed 
description of which has already been given in [3] and [4]. Since in the present 
method the out-going electron remains an integral part of the system studied, all 
electrostatic potentials must be well defined and we are restricted to studying 
metallic or semiconducting substances. It is essential that the electron source is well 
grounded to the copper tank of the spectrometer. Figure 2 shows a schematic dia- 
gram of the upper energy levels of two metals in contact. The Fermi surface corre- 
sponds to the boundary between the region of filled levels (valence band) and the 
empty region (conduction band). Since the levels in the conduction band are much 
narrower than the inner electron levels we get, according to the usual X-ray spectro- 
scopic definition, that the binding energy of an inner level in a metal is the energy of 
a transition from that level to the Fermi surface. If the inner electron is removed 
from the crystal it must, in addition, overcome the work function ¢. The vacuum 
level is the final state of an electron, which has been removed from the crystal with 
zero kinetic energy. If the excitation energy for the photo electron, hy, exceeds the 
binding energy plus the work function, the electron may leave the crystal with a 
certain kinetic energy according to the expression 


hy —K.E. =B.E. +¢. <a 


bo 
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Fig. 1. Schematic view of experimental arrangement. The sources are evaporated onto 15 yu 
Al strips, with calibration samples on two of the sections of the source holder. The three sections 
can be slid into the X-ray beam successively. 


In the present case, the quantities to the left are known from experiment, the former 
from X-ray emission data and the latter from the magnetic analysis of the electron 
momenta. 

It is a well-known fact that for two crystals in contact, the equilibrium condition 
is that the Fermi levels coincide [5]. For crystals with good electronic conductivity 
equilibrium is established instantaneously. The vacuum levels then become separated 
by the difference in work function, or contact potential, Ad, of the two crystals. 
In figure 2, the right hand side represents the sample under investigation, while 
the left hand side, denoted by “‘reference’’, symbolizes the spectrometer. The figure 
makes it clear that the measured energy of the photo electron will depend on what 
vacuum potential the electron is sensing during the magnetic analysis. From the 
geometry of the experiment it seems probable that the spectrometer potential should 
be the dominating already within a very short distance of the source. This was 
tested by placing a copper mesh just in front of the sample [4], thus bringing the 
spectrometer vacuum potential very close to the source. No change in the measured 
energy of a line could be detected, proving that the electron is accelerated (or deceler- 
ated) to the spectrometer potential and “forgets” its origin before the magnetic 
analysis sets in. From the above it is clear that the quantity ¢ in equation 1 should 
be the work function of the spectrometer material and the same for all measurements. 
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REFERENCE SAMPLE 


Fig. 2. Schematic relationship of upper energy 
bands for two metals in contact. V = valence 
band; C =conduction band; ¢ = work function; 
A¢ = contact potential; LZ, = Fermi level; LZ, = 
vacuum potential; #, = final state of an electron 
leaving crystal with kinetic energy K.E. 


Thus, if one corrects for this constant one can obtain a binding energy which, for 
metals, is in accordance with the X-ray spectroscopic definition as given on page 1. 
More generally, the definition of binding energy most suitable for the present method 
is the energy required to lift an electron from the appropriate inner level to the 
Fermi level of the crystal. Here we must keep in mind that the Fermi level is “real” 
only for metals; in semiconductors it is “virtual” in as much as it lies in a forbidden 
band. 


III. Experimental conditions 
A. Magnetic field control 


A fundamental requirement for accurate energy determinations is the precise 
control of the magnetic field. For an iron-free spectrometer the problem of deter- 
mining the spectrometer field reduces to a measurement of the coil current, or if, 
as in the present case, calibration lines are used, a measurement of some quantity 
proportional to the current. This is performed with the aid of an AEG compensator 
as described in ref. [6]. Since we are not interested in absolute current measurements 
the requirements on the compensator components are less stringent than would 
otherwise be the case. The Weston standard cell, for instance, need only be kept 
constant during the course of a measurement. 

It is clear that each calibration constant pertains only to a certain field distribu- 
tion with respect to the source-, aperture- and detector positions. This makes it 
necessary to keep the temperature of the spectrometer coils constant with respect 
to the vacuum tank. The temperature equilibrium conditions have been studied by 
means of thermocouples and have been reported in ref. [4]. 

An uncertainty in the total magnetic field is due to fields other than those produced 
by the spectrometer coils. The most important stray component is the earth field, 
but magnets from other laboratories were also found to contribute significantly. 
It is safe to assume that all sources of stray fields are far enough away from the 
spectrometer to give rise to homogeneous fields over the spectrometer volume. To 
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F,(@)=-1.85 sin 15 (0+ 10), 0°<@ <110° 
F,(@) = 3.52 sin 0.72 (8-110), 110%0 <254° 


8 
254 DEGREES 


Fig. 3. Experimental shape of the residual magnetic field (solid curve) and sine approximation 
F,(0) (dashed curve). The field is taken to be positive when parallel to the spectrometer field. 


LINE SHIFT 


F,(@)=Asin 0.710 


0 100 200 254 DEGREES 


Fig. 4. Weight function F,(0) for the residual magnetic field. The circles correspond to the experi- 
mental points. 


compensate for stray fields the spectrometer is equipped with three perpendicular 
sets of Helmholtz coils. It was found in ref. [6] that if the stray fields are balanced 
out at the center of the spectrometer, the Helmholtz coils leave a periodic field 
along the electron trajectory with a maximum value of 3.5 x 10~% gauss. As shown 
in fig. 3, the residual field can be well represented by the two sine functions 


F,(6) = — 1.85 sin 1.5(6 +10), 0°<@<110°, 
F,(0) = 3.52 sin 0.72(9 — 110), 110° <0 < 254°. 
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Tf AB is the residual field and J is the spectrometer current we may write for any 
electron line with momentum Bo that 


Bo =“1I+ oAB. (2) 


Here x is the true calibration constant of the instrument and 0 is the spectrometer 
radius. If we use a reference line with momentum Bo, but neglect the residual field, 
we obtain an erroneous calibration constant x’ according to the expression 


Bo, =x' I, (3) 


where J, is the current value of the reference line. Applying x’ to an ““unknown”’ 
electron line we get for its momentum the false value 


, vi 
Boo=x'I,=Bo, 7° (4) 
1 


Then from (2) and (4) we obtain that the relative error in the momentum of line 2 
due to the neglect of the residual field is 


A Bos Bo,— Bos on (1 ae (5) 


Boy Boy Bos, I, 


With the low energies involved in the present investigation this error cannot be 
neglected and it was therefore of interest to make an accurate estimate of the mean 
residual field. We must bear in mind that the influence of a certain field is not the 
same over the whole electron path. Hence, to obtain the effective residual field we 
must weight the field distribution along the electron trajectory with an appropriate 
function. The calculation of the weight function is rather tedious for the present 
geometry and an experimental determination of the function was therefore preferred. 
For this purpose a pair of perturbation coils were made, which could be slid along 


COUNTS/10sec 


2000 Fig. 5. Three recordings of the A6 


Auger line of Cu used for the deter- 
mination of the function F’,(0). Recor- 
ding I was taken without the pertur- 
bation coils, II with the perturbation 
coils at 190°, and III with the coils at 
3 118°. 
3.7150 3.7200 3.7250 amp 
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the optical axis of the spectrometer, one coil above and the other below the vacuum 
tank. The space available did not permit ideal Helmholtz dimensions for the coil 
system, but the dimensions used (coil radius = 7.5 em, distance between coils = 12 cm) 
were expected to give a roughly homogeneous central field, decreasing fairly rapidly 
outside the system. The coils were wound with 20 turns in each and used with a 
current of 100 mA. The spectrometer was focussed on the strongest line in the KLL 
Auger spectrum of Cu (fig. 5; see also ref. 7), the shift of which was then measured 
as a function of the position of the perturbation coils along the optical axis. As 
shown in fig. 4 the resulting curve can be represented by the first half cylce of the 
function 
E,(6)=Asin—- 6, (6) 
9p 
where @, is the focussing angle of the spectrometer. The same result has been derived 
theoretically for a 180° homogenous field spectrometer by Hartree [8]. In the present 
case 2/6) =0.71. The mean effective residual field can now be written as 
254° 
| #,(0)sin0.716d0 
AB= "35 (7) 
[ sin0.716d0 
0 


Evaluating the integral gives AB = 7.0 x 10-4 gauss. 

The field distribution F,(@) is valid when the magnetic field at the center of the 
spectrometer is zero. This condition was maintained throughout the measurements. 
Field determinations in the region of 10~* gauss pose a difficult problem, the 
ordinary methods based on fluxmeters or proton resonance being too insensitive. 
As in ref. [6], a magnetometer of the type 1.100 from Institut Dr. Forster, having a 
maximum sensitivity of 10-° gauss, was used in the present experiments. The probe 
of this instrument consists of a special alloy core of high permeability which is 
driven beyond saturation by a high frequency signal. A signal induced in a pick-up 
coil around the core is analyzed electronically. If no steady field is present the induced 
signal contains only odd harmonics; with such a field, even harmonies will occur, 
whose amplitudes are proportional to the steady field. From the above it is clear 
that the calibration of the instrument is very sensitive to a change in permeability. It 
was found that ageing affected the instrument probe to some extent. The sensitivity 
decreased, and the response of the instrument became asymmetric about zero when 
the probe had been exposed to a field of the order of a few gauss. In spite of the 
changes in characteristics the instrument could still be used as a zero indicator, 
the true zero position being that where the instrument reading remained the same 
when the probe was turned 180°. However, the absolute reading of the instrument 
could no longer be completely trusted. For this reason it was preferred to completely 
balance out the magnetic field in the center of the spectrometer instead of adjusting 
it to some value different from zero that would have reduced the effective residual 
field along the electron path. 


B. Energy calibration 


For absolute energy determinations with a /-spectrometer Siegbahn [9] has de- 
scribed a ‘‘self-consistent”? method which makes use of the known energy difference 
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between two electron lines. This method has been applied to the conversion electrons 
of ThB in ref. [6], where a detailed discussion of the errors involved is given. It is 
clear that, to achieve high accuracy with the “‘self-consistent”’ method of calibration, 
one should strive for as great a momentum ratio as possible between the two lines 
to be measured. On the other hand, if the lines differ widely in energy, new sources 
of error may appear. Thus, the two lines may differ considerably in shape due to the 
difference in instrument resolution at the two energy settings, making it difficult 
to identify corresponding points on the lines. Also, equation 5 shows that relative 
errors due to incompletely balanced stray fields become more serious the greater the 
momentum ratio. In general one may thus expect the “‘self-consistent”’ calibration 
method to be impaired by greater errors than would be a calibration employing a 
line of known momentum in the vicinity of the unknown line. For this reason absolute 
energy determinations were made only for a few electron lines, which were then in 
turn used as calibration lines for the other, close-lying, lines measured in this in- 
vestigation. The possible greater errors in the basic absolute calibration then enter 
into the subsequent relative energy measurements as systematic errors and do not 
obliterate the general trend of the binding energy as a function of Z. 

The elementary constants on which all the numerical values are based are those 
given by DuMond and Cohen in 1953 [10]. This set of constants was chosen in order 
to provide consistency with the tables used for the conversion from momentum to 
energy [11], as well as with ref. [6], on which one of the absolute calibrations is 
founded. For the basic reference line was chosen the photo line, resulting from 
conversion of Mo K«, radiation in the K shell of Cu, henceforth denoted by Cu K(Mo 
Ka,). The momentum of this lne was measured against the “‘F”’ conversion line 
of ThB in ref. [3] and found to be 312.0701 gauss-em. However, this value has not 
been corrected for the effective residual field. The current values for the Cu K(Mo Ka,)- 
and the F lines being roughly 4.09 and 18.19 amps respectively, this correction 
becomes, according to (5) 


ABo = +1.6 x 10-? gauss-cm. 


In some of the measurements it proved more convenient to use the strongest line 
in the KLL Auger spectrum of Cu, denoted by A6, as a reference. The momentum 
of this line had been related to that of CuK(MoKa,) by a series of many measure- 
ments, so that the additional error involved in this step is small. 

Two independent absolute determinations of the CuK(MoK«,) momentum have 
been carried out by Nordling [12]. The Bo values of the reference lines, resulting from 
the different determinations, are listed in table 1. All the values have been corrected 
for the residual magnetic field. 

Experimentally, the calibrations were carried out in essentially the same way as 
in ref. [4]. The source holder consisted of three sections, which could be slid into the 
X-ray beam successively, two of the sections holding the calibration substance and 
the third the sample under investigation. Thorough tests of this arrangement had 
shown that the source position could usually be well reproduced with the three 
sections. If there was a slight shift between lines from the three sections, corresponding 
to the same energy, this shift was linear, and hence, by mounting the calibration 


1 Tn ref. [3] this value was given with only five figures. The sixth figure was found to be justi- 
fied after a renewed analysis of the data. 
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Table 1. 


Line Bo (gauss-cm) Source Mean 


Cu K(Mo Ka,)} 312.086+0.017 | Calibr. against 


F line 
312.096 + 0.025 | Ref. [12] 312.092 + 0.010 
312.095 + 0.020 | Ref. [12] 
A6 283.794+0.018 | Measured 
against F line via 
Cu K(Mo Ka,) 283.798 + 0.010 


283.801+0.017 | Ref. [12] 


The errors given here are the mean errors, in contrast to ref. [3], where the maximum errors 
were given. 


substance on two of the sections, it was possible to obtain the corresponding current 
value for the geometry of the third section by interpolation. 


C. Line shape 


Elementary quantum mechanical considerations [13] lead to the result that the 
probability of transition to an excited atomic level follows a Hoyt distribution: 


- ATs 
) Tat a’ 


(8) 


where 21 is the width at half maximum. The energy giving maximum amplitude we 
speak of as the energy of the level in question. The Hoyt distribution is characterized 
by the fact that if we fold it with another Hoyt function, the resulting distribution 
has the same mathematical form, with a total width equal to the sum of the partial 
widths. Thus, a transition between two distinct atomic levels, e.g. the K« radiation, 
has a Hoyt intensity distribution, the width of which is the sum of the two levels in- 
volved. For the present experiments we have shown that effectively the electron 
transitions take place between an inner shell (Hoyt distribution) and the vacuum 
level of the spectrometer, #,, which may be written as 


H,=Hpt+ Papectr (9) 


and may be considered sharp for our purposes. The natural shape of a photo electron 
line is thus a Hoyt function, whose constituent widths are that of the exciting X-radia- 
tion and that of the initial level. Deviations from this shape are due to (i) scattering 
of electrons in the source and (ii) the spectrometer window curve. 


(i) Electron scattering 


The phenomena of electron scattering in thin metal films have been given a great 
deal of attention in the last years. Apart from electron-atom collisions, resulting in 


some elastic scattering with small losses of energy, considerable inelastic scattering 


has been observed, manifesting itself in a series of satellites on the low energy side 
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Fig. 6. Attempt to resolve the CukK(MokK«,) photo line into a line of unscattered electrons and 
a satellite due to inelastic scattering. 


of a parent line. Some of the discrete energy losses have been attributed to the exci- 
tation of quantized oscillations of the electron plasma in the valence band. These 
energy losses are intermingled with events that must be ascribed to single particle 
excitation. Since an electron may undergo successive inelastic scattering, we might 
expect each mode of plasma- or particle excitation to give rise to several satellite 
lines, the intensities of which depend on the source thickness and the scattering 
mean free path of the electron. The scattering probability as well as the predominant 
mode of excitation may vary from substance to substance. A review of the present 
status of this field of research is given in ref. [14]. For many metals (e.g.Mn, Fe, Co, 
Ni, Au and Pt) the dominating energy loss quantum is about 20 eV and the corre- 
sponding excitation state has considerable width. Under these circumstances it has 
usually not been possible in the present work to completely resolve the undisturbed 
photo electron peaks from the satellites due to inelastic scattering, nor has it been 
possible to distinguish more than one satellite. To study the effects that the unre- 
solved satellites may have on the photo line peaks, the CukK(Mo K«,) line was ex- 
amined. Fig. 6 shows this line, taken with a thin source, so that the satellite is not 
extremely pronounced. The discrete energy loss spectrum of Cu is well established 
[15], the predominant mode of excitation corresponding to 20 eV and the width of 
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the excitation state being 17 eV. To obtain the width of the satellite one must also 
take into consideration the width of the parent line, which in the present case is 
about 12 eV. Assuming that the widths add linearly we get for the satellite that 
[=~ 15 eV and, for the parent line, that  ~ 6 eV. Assuming further that both lines 
can be represented by Hoyt functions we then find that the shift of the parent line 
peak due to the unresolved satellite is 


AE = =04 AeV, (10) 


where A is the ratio between the satellite- and the parent line amplitudes. The heavy 
curve in fig. 6 shows the sum of the two Hoyt functions with A =0.6. It is seen 
that this curve is in good agreement with the experimental one. (The slow descent 
of the experimental curve on the low energy side of the satellite is probably due to 
successive events of inelastic scattering, which have no influence on the parent line.) 
The peak shift is then in this case 0.2 eV. It was found that all the photo lines resulting 
from conversion of Mo K« radiation were rather similar in appearance and expression 
(10) may therefore be assumed to give the right order of magnitude of the shift 
for all the cases studied. Although evaporated sources were used throughout this 
investigation the sources were usually thicker than the one employed for fig. 6, 
_ but in no case was A found to exceed 1. Since the shift occurred in the calibration line 
as well as in the “unknown” line the errors introduced are only of the order of 0.1 eV 
and have been neglected. 


(ii) Spectrometer window 


The spectrometer window curve is most conveniently studied with a line, whose 
distortion due to electron scattering is negligible. To achieve this condition we must 
_ strive for improved resolution without changing the spectrometer setting. If we choose 


c /20 sec sn 0 


SnLy(CuKa,) Sn Ly(CuKe;) 


28250 2.8300 2.8350 2.8400 28450 A — 


ig. 7. SnLy_(Cu Ke, ») doublet from thin layer of SnO. The natural line width is so small that 
e “undisturbed” peak is almost resolved from the satellite. The undisturbed lines are symmetric, 
indicating a symmetric spectrometer window. 
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a photo line resulting from conversion of an X-ray line that is considerably narrower 
than the Mo Ka, radiation, we may hope to be able to resolve the undisturbed photo 
peak from the satellite lines, particularly if we choose a converter with a low inelastic 
scattering cross-section. This latter condition is fulfilled by SnO.1 The photo doublet 
Sn Ly;(Cu Ka, .) from SnO is shown in fig. 7. It is seen that the undisturbed photo 
lines are very nearly symmetrical, indicating a symmetric spectrometer window. 
(Elastic scattering seems to be negligible. The slight asymmetry, 12 %, of the Cu Ke 
radiation mentioned in ref. [1] is insignificant, the major part of the photo line width 
being due to instrument broadening.) Hence we may conclude that the peak of an 
undisturbed photo line corresponds to the maximum of the original Hoyt function, 
if we neglect the minor error due to unresolved satellite lines. 

For a given geometry, the instrument resolution for an iron-free spectrometer, 
ABo/Bo, is constant, ABo being the half-width of the spectrometer window curve. 
From this point of view it is most desirable to work in as low an energy region 
as possible. An advantage of the present method is that one can choose the photo 
line energy by making a suitable choice of X-radiation: the lower the energy of 
the incoming radiation the more favourable will be the spectrometer width. To 
this comes the fact that the X-radiation line width is usually smaller the softer 
the radiation. The low energy limit for the photo lines is set by the cut-off of the 
Geiger detector, which in the present case lay around 2 keV. Throughout this in- 
vestigation the Mo Ka, radiation was used to provide the excitation energy. This 
placed the photo lines in a suitable energy region. Another great advantage is the 
fact that the Mo Ka, line has been measured very accurately and has lately been 
proposed as a wave-length standard in X-ray spectroscopy [17]. 


D. Use of infinitely thick sources 


From the above one is led to expect that in certain favourable cases, when the 
natural line width and the instrument window permit sufficient resolution, the 


COUNTS/25 sec 


snd 


Snlg (CuK) 
REFLEXION 


Al-MATRIX 


SnO-GRAPHITE 
MIXTURE 


SOURCE 
HOLDER 3000 


J 
2.8350 2.8400 amp 
Fig. 8. Source geometry for infinitely thick Fig. 9. SnZy,;,(CuKa,) line from infinitely 
samples. thick source of SnO. The greater width as 


compared to the lines in fig. 7 is due to a 
greater source width. 


1 SnO is considered to be a semiconductor [16]. 
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source thickness is immaterial in electron spectroscopy, the scattered electrons going 
into the resolved satellite lines. This would open entirely new possibilities for the 
present method of studying electron binding energies. Thus, for chemical shift studies 
the need for evaporated sources is a serious limitation, since it is difficult to control 
the chemical composition of thin films. 

The SnO source used for fig. 7 was made by heating an evaporated Sn sample to 
200°C for twelve hours. For comparison an infinitely thick SnO source was prepared 
out of SnO powder. In order to reduce the porosity of the sample, a slurry was made 
of SnO and graphite powder in alcohol, which was then packed into an aluminium 
matrix, 0.50 mm wide and 1 mm deep. This procedure gave rather dense and homo- 
geneous samples. The source was exposed to the X-ray beam as illustrated in fig. 8. 
Fig. 9 shows the resulting SnZ,,,(Cu K«,) photo line. It is seen that the line differs 
little from the undisturbed photo peak of the evaporated source, the only disad- 
vantage being the higher background. (These results might be applied to low energy 
studies in conventional /-spectroscopy where one is usually concerned with the dual 
problem of thin sources and high activity.) 


IV. Experimental results 


All the momentum values listed below have been corrected for the effective residual 
magnetic field. The conversion from momentum to energy was carried out with 
the aid of the tables in ref. [11]. In those cases where the accuracy of the tables did 
not suffice higher order interpolation was used. To obtain the quantity (B.E. + dsp) 
the mean energy # was subtracted from the energy of the Mo Ka, radiation. The 
latter was taken from ref. [1] to be 707.831 X.U., or, using the conversion constants 
given by DuMond and Cohen in 1953, 17479.0 eV. 

The errors given for Z are the mean errors obtained from the deviations from F. 
In the quantity (B.E.+¢,,) the (systematic) errors in the calibration lines have 
been included. The uncertainties in the elementary constants have not been taken 
into account. 

All energy determinations were made on several samples which had been prepared 
independently. In those cases where oxidation or other contamination could be 
suspected the composition of the samples was examined by means of electron diffrac- 
tion (see section VB). 


A. Fourth period elements 
I. Mn 
Table 2. Mn K(Mo Ka,). 


Calkiieation line Mean current Bo E(eV) Deviation fr. 
T (amps) (gauss-em) E (eV) 
354.498 10935.0 +0.1 
Cu K(Mo K«,); 4.64754 354.503 10935.3 +0.4 
T.=4.09158 amps : 354.481 10934.0 —0.9 
354.499 10935.1 + 0.2 


E: 10934.9+0.3 eV 
Mn K: B.E.+ dsp = 6544.140.8 eV 
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COUNTS /20 sec 
COUNTS /30 sec 
Shy a Mn (MoK oy) 


FeK(MoKar;) 


4000 


3000 


2000 


J 
4.6400 4.6450 4.6500 4.6550 amp. 4.5200 4.5250 4.5300 amp 


Fig. 10. Mn K(Mo K«a,) photo line. Fig. 11. FeK(Mo K«,) photo line, 


II. Fe 
Table 3. Fe K(Mo Ka,). 


Cali beatsoa Tien Mean current Bo E (eV) Deviation fr. 
I (amps) (gauss-cm) E (eV) 
344.924 10358.0 +0.4 
_ Cu K(Mo Ka); 4.52386 344.913 10357.3 — 0.3 
T,=4.09330 amps Hoa 344.921 10357.8 + 0.2 
3 344.914 10357.4 0.2 


E: 10357.6+0.2 eV 
Fe K: B.E.+ dsp = 7121.4+0.7 eV 


III. Co 
Table 4. Co K(Mo Kay). 
Calibration line Mean current Bo E (eV) Deviation fr. 
I (amps) (gauss-cm) E (eV) 
Cu K(Mo Ka); 4.39049 334.808 9764.9 +0.2 
Tt — 4.09258 amps : 334.809 9765.0 + 0.0 
A6; 334.814 9765.2 +0.2 
| Ser h | 334.805 | 9764.7 | ~0.3 


T= 3.71980 amps 
EB: 9765.0+0.1 eV 
Co K: B.E. + ¢sp=7714.040.7 eV 
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COUNTS /20sec COUNTS /20 sec 


— 4000 Ni K (MoK a) 


ay Cok (MoKec;) 


3000 


2000 


1000 - J 
4.3850 4.3900 4.3950 amp 4.2400 4.2450 4.2500 amp 
Fig. 12. CoK(Mo K«,) photo line. Fig. 13. NiK(MoK«,) photo line. 
IV. Ni 
. Table 5. Ni K(Mo Ka,). 
| ome 
| (ARE, ne a Mean current Be E (eV) Deviation fr. 
I (amps) (gauss-cm) E (eV) 
] 
323.843 9141.3 +0.1 
Neha 4.24496 323.845 9141.4 +02 
I,=4.09097 amps 323.826 9140.4 ~0.8 
| apo 4.24610 323.851 9141.7 +05 
I, = 3.72092 


E: 9141.2+0.3 eV 
NiK: B.E. + dsp = 8337.8+0.7 eV 


| 
{ 


B. Sixth period elements 
Lis 
Table 6. Ir Ly;(Mo Ka,). 


: | ot 
Perea ine) eos current E(eV) Deviation fr. 
T (amps) ok cm) E (eV) 
267.581 6258.4 —0.8 
Cu K(Mo Ka,); 350888 267.625 6260.5 +13 
T,,= 4.08946 amps : 267.598 6259.2 +0.0 
267.582 6258.5 — 0.7 


: 6259.2+0.5 eV 
Tr Lyyy: B.E. + dsp = , eV 
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COUNTS /20sec 


7000 Ir Ly (MoKexy) 


COUNTS /40sec 


Ir Ly (MoKe}) 
2500 


5 000 


J 
3.5050 3.5100 3.5150 amp 3.0100 3.0200 3.0300 amp 
Fig. 14. IrLy,;(Mo Ka,) photo line. Fig. 15. IrZ,,(MoKa,) photo line. 


Table 7. Ir Ly,(Mo Ka,). 


Calpeatio ine Mean current Bo E (eV) Deviation fr. 


I (amps) (gauss-cm) E (eV) 

Fo es ce ime |S I i ee 
Cu K(Mo Ka); a uInso 230.470 4650.1 +0.4 
T,,— 4.08935 amps ; 230.426 4648.3 —1.4 
(*) | = | = | 4650.6 | +0.9 


oo ee es ee = eee es 
E: 4649.7+0.7 eV 


1 This value was obtained by subtracting from E for Ir Ly1;(Mo Ka) the energy difference 
between Ir Ka, and Ir Ka, as given by Ingelstam [18] 


Ir Ly: B.E. + sp = 12829.340.8 eV 


ie 
Table 8. Pt Ly;(Mo Ka,). 


mee EEE EEESEEEEEY SERRE 


mista tien lite Mean current Bo H(eV) Deviation fr. 
I (amps) (gauss-cm) E (eV) 
[See Se: 8 Se 
259.999 5910.8 t-Oc0 
Cu K(Mo K«,); 3.40856 259.997 5910.7 + 0.0 
ip = 4.09156 amps 3 259.999 5910.8 Ot] 
259.995 5910.6 = Ort 


ee nomen mo eer a 
E: 5910.7+0.1 eV 


Pt Ly: B.E. + dsp = 11568.340.2 eV 
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COUNTS /40sec 


Pt Lg (MoK oc) 


COUNTS /50 sec 


2eV PtLy(MoKax) 


4000 


J 
3.4050 3.4100 3.4150 amp 2.8600 2.8700 2.8800 amp 


Fig. 16. PtZ,,;(Mo Ka,) photo line. Fig. 17. PtZ,,;(Mo K«,) photo line. 


Table 9. Pt Ly,(Mo K«,). 


Raiieeakion line Mean current Bo B (eV) Deviation fr, 
I (amps) (gauss-cm) E (eV) 
Bee (Mo Res); 2.87127 219.026 4201.5 ~0.2 
I,=4.09140 amps 
(2) | = | — | 4201.9 | +0.2 


E: 4201.740.2 eV 


1 This value was obtained by subtracting from E for Pt LI44;(Mo Ka,) the energy difference 
between Pt Ka, and Pt Ka, as given by Ingelstam [18] 


Pt Ly: B.E. + $sp = 13278.3+0.4 eV 


III. Au 
Table 10. Au Ly(Mo Ka,). 


Calibration Hue | Mean current Be | H (eV) Deviation fr, 
T (amps) (gauss-cm) E (eV) 
252.006 5554.9 —0.3 
Cu K(Mo K«a,); 252.012 5555.2 +0.0 
Tied GR008 aancs 3.30257 252.029 5555.9 +0.7 
Cree P 252.011 5555.1 =0.1 
t 252.006 5554.9 —0.3 


E: 5555.2+0.2 eV 
Au Dyt: B.E. + dsp = 11923.8+0.4 eV 
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COUNTS /30sec 


AuL gq (MoKa;) 
COUNTS/50 sec 


1eV $ Auly(MoKe}) 


J 
3.3000 3.3050 3.3100amp 2.7000 2.7100 2.7200 amp 


Fig. 18. AuZy;(Mo Ka,) photo line. Fig. 19. AuL,,(Mo Ko) photo line. 


Table 11. Au Ly(Mo Ka,). 


ictteaviod Naa Mean current Bo E (eV) Deviation fr. 
I (amps) (gauss-cm) E (eV) 
_Cu K(Mo Ka); 2.70750 206.616 3740.6 +0.1 
I,= 4.08983 amps : 206.614 3740.6 ir On 
(1) | —_ | — | 3740.4 | =alD i | 


E: 3740.5+0.1 eV 


1 This value was obtained by subtracting from # for Au L;;;(Mo K«,) the energy difference 
between Au Ka, and Au Ka, as given by Beckman et al. [19]. (If instead we use the value for the 
Au Ka doublet splitting given by Ingelstam [18] we obtain the value 3741.3 eV. However, Beck- 
man claims higher accuracy than Ingelstam.) 


Au Ly: B.E.+ gp = 13738.540.3 eV 


IV. Hg 


Making thin mercury samples proved somewhat problematic. The samples were finally 
prepared by bombarding the sample backings with Hg ions in a mass separator. This 
method was most successful when a thin (~ 100 A) Au layer was pre-evaporated onto 
the backing. Thus, the values probably pertain to gold (g) or aluminium (a) amalgam. 
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Table 12. Hg Ly;(Mo K«,). 


Gakkbration tne Mean current Bo : | E (eV) Deviation fr, 
I (amps) (gauss-cm) E (eV) 
3 243.541 (g) 5189.8 =0:1 
_Cu K(Mo Ka); 9.19325 243.558 (a) 5190.5 +0.6 
I= 4.09208 amps ands es 243.548 (g) 5190.1 +0.2 
243.530 (g) 5189.3 | — 0.6 


EB: 5189.9+0.3 eV 


Hg Ly: B.E. + dsp = 12289.1+ 0.4 eV 


COUNTS /60sec 
TeV 
COUNTS/50 sec Tl Lg (MoKacy) 
TeV 
HgL yg(MoK oxy) 
4500 


4000: 
J 
3.1850 31900 3.1950 amp 30700 3.0750 3.0800 amp 
Fig. 20. HgZ,,(MoKa,) photo line. Fig. 21. T1Z,,;(Mo K«,) photo line. 
: 
A Wy 
; Table 13. T1 Ly,(Mo Ka,). 
} 
1 Sa ct Cin Nid Mean current Be E (eV) Deviation fr, 
I (amps) (gauss-cm) E (eV) 
234.617 4818.2 —0.3 
_Cu K(Mo Ka); S ozns0 234.624 4818.4 = 0,1 
I= 4.09156 amps ‘ 234.630 4818.7 +0.2 
234.628 4818.6 +0.1 


E: 4818.5+0.1 eV 


DL Dy: B.E. + dsp = 12660.5 EE 0.3 eV 
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Vi.-Pb 
Table 14. Pb Ly;(Mo Ka,). 


Calibrstion line Mean current Bo E (eV) Deviation fr. 
I (amps) (gauss-cm) E (eV) 
Cu K(Mo Ke,) 225.172 4439.6 + 0.8 
uu Oo : = 

eS Oy 2.95078 225.133 4438.1 0.7 
I, = 4.09036 225,122 4437.6 =e 
225.181 4440.0 +1.2 
sia 4438.7 =O.) 


= 2.94870 225.150 
I,= 3.71685 amps 


= E: 4438.8+0.5 eV 
Pb Ly: B.E. + dsp = 13040.2+0.6 eV 


c sec 
COUNTS /90sec OUNTS/se 


TeV Bib g(MoKay) 


PbL yg (MoK ce) 


4000 


2.9500 2.9600 amp 2.8200 2.8250 2.8200 amp 
Fig. 22. PbLy;(Mo Ka,) photo line. Fig. 23. BiL,,(MoKa,) photo line. 
VII. Bi 
Table 15. Bi Ly;(Mo Ka,). 
Galsiwation line Mean current Bo EB (eV) Deviation ir 
TI (amps) (gauss-cm) E (eV) 
215.160 4055.1 — 0.4 
_Cu K(Mo Ka); Scan 215.173 4055.6 +0.1 
I,= 4.09138 amps re 215.155 4055.9 +0.4 
215.163 4055.2 — 0.3 


I 


E: 4055.5+0.2 eV 
BiLyy: B.E. + dap = 13423.5+0.3 eV 


20 


ARKIV FOR FYSIK. Bd 15 nr 1 


C. Work function correction 


The fact that the work function of the spectrometer enters the measured binding 
energy must at first be considered a drawback of the present method, the work 
function being sensitive to the composition of the material, the degree of out-gassing, 

_ etc. However, the reproducibilities of the measured energies over more than one 

_ year rendered sufficient proof that ¢;, had reached its equilibrium value and remained 
constant. Hence the most serious objection is eliminated. Since the copper tank of the 
spectrometer was undoubtedly oxidized to some extent, the work function of Cu, 
given in the literature, could not be used off-hand. Also, work functions have usually 
been measured with extremely good vacuum and highest degree of purity. A value 
pertaining more directly to the present conditions was therefore desirable. An 
auxiliary piece of apparatus was constructed for the study of contact potentials by 
means of the Kelvin method! The apparatus was essentially that described by 
Zisman [20]. However, in the present case the design was simplified for use at at- 
mospheric pressure only. The metals to be studied were applied to the two plates of 
a parallel plate condenser, one of which was kept fixed while the other was attached 
to a pair of springs, which allowed it to vibrate. Vibrations were induced by a piano 
wire, in which standing waves were excited by means of a narrow stream of compressed 
air. If there exists a potential difference between the condenser plates, an A.C. 
signal appears across the plates, the amplitude of which can be approximated by the 
expression 

VoxAwd, 


Vrnax = 92 (R202 2 + 1 (11) 


Here, V, =the potential difference between the plates; 
%) =the permittivity; 
A =the area of the plates; 
d, =the vibration amplitude; 
@® =the vibration frequency; 
d, =the equilibrium distance between the plates; 
C~x,)(A/d,) =the plate capacitance; 
R =the resistance across the plates. 


Ordinarily, V, equals the contact potential Ad between the two plates. To measure 
Ad, one connects a variable countervoltage across the condenser. When the contact 
potential is exactly balanced, the A.C. signal disappears. 

Contact potentials were measured for many metals known to be fairly resistant 
to oxidation, and were in no case found to differ widely from the values given in 
the literature [21]. From this we may conclude that measuring contact potentials 
in air does not introduce a serious error. 

Hagstrém [22] has measured the photo-electric work function of freshly evaporated 
Ag in a vacuum of the same degree as used in the spectrometer. He found that Pag 
equals 4.65 eV. Next, the contact potential between freshly evaporated layers 
of Cu and Ag was measured and found to be 0.15 eV towards lower work function 
in Cu. It was further found that the contact potential was zero between freshly 
_ evaporated Cu and Cu that had been subjected to natural ageing. (If one Cu plate 
was heated to 200°C for twelve hours so that a visible layer of CuO was formed, a 


= e 


1 This work was done together with fil. lic. C. Nordling. 
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Vmax 


Cu0-Cu 


Fig. 24. Determination of contact potential, A¢, 
between CuO and Cu. The curve shows the 
amplitude of the A.C. signal across the condenser 
plates, V,,,,, a8 a function of the D.C. counter 
voltage V. The shape of the curve depends on 
the characteristics of the amplifier stages after 

y the condenser. 

-1.0 0 4g +1.0 


contact potential of 0.35 eV appeared, as seen in fig. 24). For the work function of 
naturally aged Cu (spectrometer material) we thus get the value 


bsp =4.5 £0.3 eV. 


Table 16 gives the binding energies, B.E., with the work function correction applied. 


Table 16. 

B.E. B.E. 

Shell | (eV) | Shell | (eV) 
Mn K 6539.6 Pt Ly 11563.8 
Fe K 7116.9 Pt Lyy 13273.8 
Co Kk 7709.5 Au Lyyy 11919.3 
Nik 8333.3 Au Ly, 13734.0 
Cuk 8979.2 Hg Ly; 12284.6 
T1 Ly 12656.0 
Tr Lyyy 11215.3 Pb Ly 13035.7 
Ir Ly 12824,8 Bi Ly 13419.0 


V. Discussion of results 


A. The modified Moseley diagram 


If the square root of the energy of a given X-ray transition, / y/R, is plotted 
against the atomic number Z, the resulting curve is an approximately straight line. 
This empirical fact was first noted by Moseley and constitutes one of the first system- 
atic relations observed in X-ray spectroscopy. If the main linearity is eliminated by 
subtracting from )/y/R a suitable function aZ +b, we obtain a so-called “modified 
Moseley diagram”, which makes possible a more detailed study of the higher terms 
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Beeps SO i214 1G 8189"20 22) 24> 26% 28. 730y “324734 Z 


Fig. 25. Modified Moseley diagram of K binding energies, plotted with X-ray data. Note that 
the energy scale is considerably reduced compared with figs. 27 and 28. (After Idei [24].) 


in the transition energy. As the nature of atomic transitions became better under- 
stood it was possible, with the aid of quantum mechanics, to give a qualitative 
theoretical explanation of the Moseley diagrams and their higher order deviations 
from straight lines in terms of relativity-, spin-, and screening effects [23]. However, 
the models used so far have been too crude to give quantitative agreement with 


the experimental results. Generally speaking, the function Vv/ R can be expressed 
as a power series in Z, the coefficients of which are functions of the quantum numbers 
characteristic of the states involved in the transition. From this it follows that the 
modified Moseley diagram of a given transition (e.g. the Ka, transition) should 
yield a smooth function. This has been verified empirically [1]. 

If instead we follow the binding energy of a given atomic shell through the periodic 
table, the situation is a different one, the binding energy corresponding to a transition 
from the given shell to the lowest unoccupied level in the atom. Here, the quantum 
numbers of the final state vary, and we must expect a discontinuity in the modified 
Moseley diagram each time an outer shell is filled and the symmetry of the lowest 
unoccupied level is changed. This, too, is in rough agreement with the results of 
X-ray spectroscopy, as shown by Idei (ref [24], see fig. 25). The higher order terms 
are so small that they are not detectable in the small ranges of Z, over which the 

function is continuous. 

In our discussion so far we have assumed that we are dealing with free atoms, 
where the initial and final states can be uniquely described by the usual set of 
quantum numbers. In the case of a crystalline solid the situation becomes more 
complicated: by the atomic interaction the outer energy levels are broadened into 
nds, which have lost their pure symmetry character. Usually a band is designated 
y the main symmetry (i.e. that of the corresponding level in the free atom), but 
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BS 
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we must keep in mind that the wave function characteristic of the band is “hybrid- 
ized’’: 


p(nl) =Ayp, + Byyp + Cyat-, (12) 


where the subscripts indicate the symmetry of the partial wave functions [25]. 
The broadening of the bands depends on the structure and cell constants of the crystal. 
It is usual that bands of different origin in the free atom overlap considerably in 
the solid [31]. The density of states in a band can be expected to vary with energy. 
For modified Moseley diagrams of electron transitions to the Fermi surface in a 
solid we must therefore expect an energy variation that depends on the main sym- 
metries represented in the band, in which the Fermi level is located, as well as on 
the density of states. 

In the quantitative theoretical work that exists on this subject, the fourth period 
elements have been treated most extensively. Fig. 26 shows the band structure 
calculated for metallic Cu (cubic crystal field) [27]. We shall for a moment assume 
that the same band structure applies to the preceding elements Ni, Co, Fe and Mn, 
and consider only the effect of the varying density of states as we fill up the band. 
The 3d band, we know, holds ten electrons per atom, the 4s band two, etc. If we 
divide the 3d band into ten equal surfaces (fig. 26a) we find that the Fermi level 
energy increases rather monotonously, despite the variation in level density, until 
we reach the element Cu, where the energy of the Fermi surface makes an abrupt 
jump due to the low level density in the 4s band (fig. 260). 

The limitations of the above reasoning are obvious. Firstly, we have neglected 
the energy variation due to variations in the final state symmetry. If the band 
structure given in fig. 26a is approximately correct, this effect might be expected 
to accentuate the discontinuity at Cu. (This discontinuity should also occur in the 
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case of of a free atom, since the Fermi surface changes from 3d to 4s symmetry). 
If, however, the overlapping of the 3d and 4s bands is greater than suggested by fig. 
26a, the discontinuity might shift towards higher Z. Secondly, we have assumed the 
band structure calculated for Cu to be valid for all the elements Ni, Co, Fe and Mn, 
despite the fact that the calculations pertain to cubic crystal fields and should give 
_ different results for different cell constants. If these latter circumstances were given 
due consideration we might find more irregularities in the energy as a function of Z. 


B. Experimental considerations 


In figures 27 and 28 the present results are given in the form of modified Moseley 
diagrams, together with representative X-ray data. Before attaching any fundamental 
importance to the discrepancies between the present and the X-ray results, we 
must eliminate the possibility of an explanation in terms of experimental errors. 

Fig. 27 shows the modified Moseley diagram for the AK binding energies of the 
fourth period elements. Except for Co and Cu, the energies obtained in the present 
work are higher than the X-ray values. It is to be noted that the three sets of X-ray 
values for the elements Mn, Fe, Co and Ni form nearly perfect straight and parallel 
lines, indicating great relative accuracy. (Of the three groups of X-ray data, those 
of Beeman et al. [28] and of Sanner [29] are probably the most reliable.) For the present 
energy values, a straight line, parallel to those of the X-ray data but displaced by 
about 2.5 eV, can be drawn through the values for Mn and Ni. It should be noted 
that this line also passes through the point for Cu. (See section VC). However, the 
Fe and Co values deviate markedly, and in the opposite sense, from this line. 

The elements Fe, Co and Ni are ferromagnetic, and we must examine the possibility 
that a layer of ferromagnetic material, however thin, might cause a shift in an 
electron line. In view of the fact that a perturbing magnetic field in the vicinity of 
the source has little influence on the line position (see section III. A) this possibility 
seemed small. To eliminate it, a basic iron layer was evaporated onto the middle 
section of the source holder, after which copper was evaporated onto all three sec- 
tions. The CuK(Mo K«,) lines from all three sections were then measured. The iron 
base was found to have no effect on the line from the middle section. 

In ref. [4] Nordling, Sokolowski and Siegbahn have examined the K binding energy 
of Cu in Cu,O0 and CuO as compared to the binding energy in the pure metal. A 
“chemical” shift of as much as 4.4 eV was observed for the higher oxide, stressing 
the importance of pure metallic sources for the present investigation. Electron diffrac- 
tion offers the best tool for the analysis of extremely thin crystalline films. Electron 
microscope sources, prepared simultaneously with and of the same thickness as the 
spectrometer samples, were therefore examined for possible oxide contamination. 
The electron diffraction studies also provided a check of the crystal structure of the 
thin metallic films. Ag and MgO were used as calibration substances. The lattice 
constants obtained for the different reflexes were compared to those listed for the 

metal planes in the ASTM card catalogue [33]. It was found that if the samples 
were exposed to air for a minimum of time during the transfer from the evaporation 
chamber to the vacuum of the spectrometer (electron microscope) no oxidation 
could be detected. The crystal structure was in all cases found to be the one listed 
as normal for the metals in question. In one case (Bi) some degree of erystal orienta- 
tion was observed in the evaporated film. Fig. 29 gives some of the diffraction patterns 
and the Miller indices for those metal reflexions that could be identified. In most 
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Fig. 27. Modified Moseley diagram for the K binding energies of the fourth period elements. 
The X-ray data are taken from ref. [28], [29], [30] and [1]. The electron configurations given 
pertain to the free atoms. 
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Fig. 28. Modified Moseley diagrams for the Ly; binding energies of the sixth period elements. 
The X-ray data are those given in ref. [1], [36] and [28]. 


cases additional reflexions (with large ring diameters) were observed that originated 
in planes of smaller lattice constants than the smallest ones listed in the ASTM card 
catalogue. However, no rings were found between the identified metal reflexions, that 
must be attributed to oxide impurities. We must conclude that the irregularities in 
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102 011 420 331311 220 200 111 
212. = 104 
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29. Electron diffraction patterns of thin metal films. (a) Fe: bec, 
= 2.501 A, c, = 4.066 A. (c) Bi: hex., ay = 4.546 A, cy = 11.860 A. The sample shows some degree 
of orientation. (d) Pb: fee, ay = 4.9506 A. 
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the binding energy values for the fourth period elements cannot be given a trivial 
explanation. 

Fig. 28 shows a modified Moseley diagram for the Ly; binding energies of the sixth 
period elements. Since here the X-ray absorption edges correspond to higher energies 
than the K absorption edges of the fourth period elements, it is to be expected that 
the accuracy of the X-ray data is poorer here. This is illustrated by the fact that 
the scattering of the X-ray values is more pronounced. For the present measure- 
ments, the situation is the converse, since the Ly; photo lines of the sixth period 
elements fall at very low energies. For the elements with incomplete d shells in the 
fourth as well as in the sixth period, the present data show a systematic tendency 
towards higher values as compared to the X-ray data. However, the converse is 
true for the elements Hg, Pb, Tl and Bi. Therefore, the discrepancies cannot very well 
be attributed to systematic errors, e.g. in the work function or residual field correc- 
tions. : 

The most common errors in X-ray absorption studies have been discussed in many 
papers [1, 27]. We might mention the displacement of the absorption edge caused by 
thick sources [34]. Also, poor instrument resolution can make it difficult to separate 
the initial rise of the edge from the subsequent Kossel structure. Finally, selection 
rules may inhibit transitions from an inner shell to the lowest unoccupied level. 
However, all these effects would result in too high binding energy values and therefore 
cannot explain the discrepancies for the 3d elements. Furthermore it may be men- 
tioned that’in the case of Fe, Co, Ni, and Cu Beeman and Friedman (28) have recorded 
the absorption edge together with the Kf, emission line, which corresponds to an 
electron transition from the conduction band to the K level. The high energy limit 
of the emission line, thought to correspond to a transition from the Fermi level, was 
found to coincide with the absorption edge, which leaves little doubt about the correct 
interpretation of the X-ray data. 


C. Conclusions 


In view of section VA we find that the modified Moseley diagram for the K 
binding energies of Mn to Cu, if plotted with X-ray data, is consistent with the free 
atom model but can, under specific assumptions, also be brought into accordance 
with band theory. If we consider a similar plot with the present data, we find devia- 
tions from the regularity of the X-ray values, which are not ruled out by more 
general theoretical considerations. 

The discrepancies that exist in the data for the fourth period elements suggest 
that there is some fundamental difference in the “binding energies” determined by 
the two methods. The most obvious difference in the methods is that the transitions, 
giving rise to X-ray absorption edges, are governed by selection rules, whereas the 
processes detected in the present measurements are not (see section II). Because 
of the selection rules, and since the energy bands in a solid are characterized by 
“hybridized”’ wave functions, the effective level density pertaining to the final state 
in an X-ray transition will differ in principle from the calculated densities of states. 
The effective level density determines the structure of the absorption edge but cannot 
be expected to have great bearings on the position of the initial rise of the edge. 
If anything, the edge might be shifted towards higher energy, which would counteract 
the discrepancies. 

Recently, Parratt [27] has proposed a mechanism for X-ray transitions, in terms 
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of which the differences in the results may be qualitatively explained. As an inne 

electron leaves its shell, the changing Coulomb field around the atom also affects 
the outer orbitals, which become more tightly bound to the nucleus. The valence 
electrons may adjust to the new Hamiltonian before the inner vacancy is filled or 
may remain in excited states. The influence of the incompletely screened nucleus on 
the outer electrons may depend on many factors, e.g. the main symmetry of the 
valence electrons and the electron mobility in the crystal. However, as long as there 
is such an influence the atom in which the electron transition takes place can be 
regarded as an impurity atom in the crystal lattice and may be expected to give 
rise to unoccupied energy levels below the Fermi surface of the crystal. If the original 
electron transition can go to one of these “impurity” levels the low energy values 
of the X-ray absorption edges can be accounted for. In the photo electron method the 
emitted electron can always be thought to go to the Fermi level of the complete 
crystal. 

The mechanism described above stresses the danger of making uncritical use of 
the one-electron model, where we concern ourselves only with the initial and final 
states of the electron actually making the transition. All predictions made by means 
of this vast simplification must be very uncertain. However, no other practicable 
model is available and we must hope that the neglected interactions do not alter 
the general trends arrived at with the one-electron model. 

If the transition mechanism proposed by Parratt is valid, it is perhaps not sur- 
prising if the X-ray data show trends resembling those that are to be expected for 
the free atoms, while the photo electron data provide information that is more 
relevant to the band structure of the undisturbed crystal. The irregularities exhibited 
by the modified Moseley diagram of the present data in fig. 27 show that the K 
binding energy in the fourth period is a sensitive function of the crystal parameters. 
We have previously pointed out that a straight line can be drawn through the 
values for Mn, Ni and Cu. This line nearly coincides with the least squares fit to 
the whole set of data and may be taken to give the general trend of the K binding 
energy from Z = 25 to Z = 29. Nordling [12] has measured the K binding energies 
of the subsequent elements, Zn, Ga, etc., by means of the photo electron method. 

His measurements indicate a change in slope of the modified Moseley diagram be- 
tween Cu and Zn rather than between Ni and Cu, as is the case for the X-ray data. 
As mentioned in section VA, this may suggest that the overlapping of the 3d and 
4s bands is greater than calculated. 

For the Z,,,; binding energies of the sixth period elements a comparison between 
the present and the X-ray data is not very significant, the accuracy of the X-ray 
data being too poor. The modified Moseley plot of the present data yields a much 
more regular curve than the corresponding plot for the K energies in the fourth 
period. This indicates that the binding energies here are less sensitive to the crystal 
parameters. (It may be pointed out that the ‘‘chemical” shifts of the K binding 

energies in the fourth period seem to be considerably more pronounced than the 
shifts of the Z,;, energies in the fifth period. Cf. ref. [4] and [35].) A discontinuity 
in the modified Moseley diagram occurs between Au and Hg, while the elements on 
either side of this discontinuity fall on straight lines. From this we conclude that 
there may be considerable overlapping of the 5d and 6s bands as well as of the 6s 
and 6p bands. No quantitative theoretical treatment of the band structure of the 
heavy elements exists. 


EVELYN SOKOLOWSKI, Systematic study of electron binding energies 
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